According to the World Bank, "Every day, nearly 800 women across the globe die due to complications during pregnancy and childbirth; 99% of these deaths occur in developing countries." 1 Although the global maternal mortality rate fell by nearly half between 1990 and 2010, this decline remains well short of the 75% reduction by 2015 set forth in Millennium Development Goal 5. 2 In Sub-Saharan Africa, where maternal mortality is highest, rates fell by less than 48% between 1990 and 2013. 2 One of the most basic methods of avoiding maternal deaths is by preventing pregnancy, particularly unplanned and unwanted pregnancies. 3 For decades, family planning programs have worked to reduce the number of such pregnancies. Despite increased use of contraceptive methods, it is estimated that up to 26% of married women in Sub-Saharan Africa have an unmet need for contraception-that is, they want to delay or avoid childbearing, but are not using any method. 4 Satisfying unmet need could reduce the worldwide number of maternal deaths each year by an estimated 25-40%. 3, 5 Identifying and reducing barriers of access to, and increasing the availability of, family planning services and contraceptive supplies are therefore essential.
household surveys and district-level logistics data. These studies, however, focused predominantly on the ecological level and thus were not able to establish a direct relationship between individual contraceptive use and contraceptive availability in a person's service environment.
Understanding access barriers to family planning at the individual level is critical. Product satisfaction and availability are known drivers of individuals' repeat purchases. The costs in time and money spent acquiring contraceptive supplies have been shown to be important determinants of contraceptive use, depending on the existing level of demand for contraception. 9 Within households, men and women apply the same rational decision making to purchasing family planning commodities as they do to other household goods; users expect to be able to buy or receive quality products when desired. 13, 14 When the product is not available, consumers may decide to substitute for the desired item, delay the purchase, forgo the purchase or search elsewhere. Commodity stockouts affect future consumer shopping behaviors. [15] [16] [17] In developing countries, where many family planning consumers from rural areas face long travel distances and high relative costs when seeking contraceptives, consumers who find that a clinic is out of stock are unlikely to patronize it in the future. Even in areas where contraceptives are provided to clients free of charge, a reliable supply of commodities may be an important factor in decisions about whether to seek and use family planning services.
Understanding the relationship between facility factors and a woman's choice to seek family planning services at a particular facility requires establishing a link between individual women and the individual facilities visited. Creating this link is a challenge in the absence of self-reported facility use. Connecting women with a facility requires data that include geographic coordinates for the woman's location and the facility location, which may be difficult to obtain. 18 Studies have linked individuals and clusters of households with the closest facility, 19 -24 yet the implicit assumption that the nearest facility is the one used likely introduces substantial misclassification error. 25 Another common method, based on Euclidean distance measurements, has been to link a woman or household cluster with one or more facilities within a specific buffer or polygon. 8, 26 While this approach may reduce the misclassification error, the size of the buffer or polygon has implications for analysis and interpretation.
Another method of operationalizing a link to services uses kernel density estimation (KDE), a spatial technique that distributes a discrete point value over a continuous surface. 27 ,28 KDE allows the user to consider facility attributes that may influence the use of services along with distance decay (the decline in a facility's influence on an individual's behavior as the individual's distance from the facility increases) to estimate a facility's geographic reach. KDE has been used to assess availability of health services in Nicaragua, 29 link Demographic and Health Survey household data with facility data in Rwanda 25 and evaluate access to sexual and reproductive health care in rural Mozambique. 7 The method applies an underlying assumption that a facility serves a continuous catchment area covering a certain geographic space, with higher use among those living closer to the facility. For household clusters located near multiple facilities, the overlapping catchment areas are summed, providing better representation of the total service environment.
This study builds on existing evidence for a relationship between access to contraceptives and the contraceptive prevalence rate by directly linking use of family planning methods with the availability of contraceptive supplies in the local service environment. In an effort to understand the role that facilities and product supply have on a woman's contraceptive use and demand for services in Malawi, we applied KDE to incorporate timely contraceptive supply data into our access measure. This use of routinely collected contraceptive logistics data (such as quantities of supplies dispensed monthly and monthly closing supply balances) creates a more refined estimation of the service environment available to contraceptive users. 7, 25, 30 
MALAWI CONTEXT
In Malawi, the family planning service environment has been developing and maturing over recent decades. The use of modern contraceptives among all women of reproductive age increased from 6% in 1992 to 33% in 2010, 31 while the maternal mortality rate fell from 1,100 to 460 deaths per 100,000 live births. 32 The most popular method reported by women using a modern one was the injectable (59%), followed by female sterilization (23%), male condoms (8%) and the pill (6%). 31 Malawi's public sector is the dominant family planning service provider, serving 74% of all modern contraceptive users. 31 Among injectable users, 84% are served by the public sector; another 9% are seen at facilities operated by the Christian Health Association of Malawi, a nongovernmental organization that orders contraceptives and other commodities through the public-sector logistics system. 31 Women who use Depo-Provera-the injectable provided through the public sector-as their main contraceptive must visit a provider every three months for a new injection. Condoms, the pill and the injectable are provided free of charge at public health centers and hospitals and through community-based distribution agents as part of the national essential health package. In 2010, all trained providers could administer the injectable at facilities, and community agents were allowed to provide it once they had received training. As training was being scaled up in 2010, most agents had not yet been trained. Consequently, while agents are authorized to provide condoms, the pill and the injectable during door-to-door visits, the proportion of the population that received injectables from a distribution agent in 2010 was negligible. 31 Facilities receive family planning commodities directly from regional medical stores. The supply chain management system tracks the commodities requested by and distributed to each facility. To examine the relationship between a woman's use of contraceptives and her local service environment, we focused exclusively on the injectable as the most widely used method requiring routine access to service delivery sites. Given their dominant market share for injectables, we targeted public-sector and Christian Health Association of Malawi facilities.
METHODS

Data
This analysis relied on three data sets from The 2009 master health facility list identified 930 public and private health facilities by name and geographic coordinates as of that year. 33 We merged the facility file with the logistics management data to create a facility data set with coordinates. We excluded facilities if they lacked a unique identifier (234), which was typical for private facilities, or if no valid coordinates were available (125). In total, we included 571 facilities; 423 of these were injectable service delivery sites. Approximately 27,000 households participated; respondents provided information on individual and household characteristics and routine health topics, including family planning practices and use of health services. The 2010 sample was selected from the 2008 national census enumeration areas using a stratified two-stage cluster design. Locations of sampled clusters were recorded at the centroid of each cluster with global positioning system receivers. To protect survey respondent confidentiality, the survey program routinely displaces coordinates for urban and rural clusters. 34 For the 2010 survey, coordinates of urban clusters were randomly displaced up to two kilometers, and those of rural clusters were displaced up to five kilometers; for 1% of rural clusters, coordinates were displaced up to 10 kilometers. Of the total sample of 849 clusters, 827 were included in this analysis.
Dependent Variables
The two primary outcomes-current use of the injectable and demand for birth spacing or limiting-are dichotomous variables created from the woman's individual recode file from the 2010 survey. In that survey, women aged 15-49 were asked about their current contraceptive use. Those who reported current injectable use were coded as current users; those who reported either no method use or use of another reversible method (e.g., condom, the pill, traditional method, withdrawal or abstinence) were coded as nonusers of the injectable. The objective was to compare women who used the injectable with those who were potential injectable users whom a family planning program might target. We excluded individuals who reported using long-acting or permanent methods or being infecund on the basis that they were neither current nor potential users of the injectable.
The survey also asked women about their desire to have more children now or in the future. We coded women as having a demand for birth spacing or limiting if they were interested in delaying a pregnancy by two or more years or desired no more children. We coded women as not having a demand for spacing or limiting if they desired a child within the next two years, were unsure about the timing of their next pregnancy or were undecided about another pregnancy. We excluded those who reported being sterile or infecund. Women characterized as having such demand may be currently using a contraceptive or using none.
Independent Variables
We defined the independent variable-access to injectable family planning services-in two ways: distance to one or more injectable service sites based on kernel density mapping (henceforth referred to as "distance only") and a broader conceptualization that encompassed distance to one or more service sites and the reliability of injectable supplies at those sites (referred to as "distance and supply").
Constructing each access variable required linking 2010 survey clusters to health facilities from the master facility data set using kernel density estimation. We incorporated a distance decay function into the KDE, and then created a KDE surface representing access defined by distance only as follows. We defined the kernel size as 10 kilometers around every mapped facility regardless of the type of facility or location. This was based on the assumptions that visits to acquire injectable contraceptives center on product availability rather than facility type, and that urban facilities have a geographic draw for nearby peri-urban communities that is similar to the draw that rural facilities have for their communities. We set the density variable at 1 for all injectable service delivery points and at 0 for facilities that did not provide such services. We set the grid cell size at 500 meters.
Appendix Figure 1a presents an illustration of the KDE surfaces generated for health facilities 1-3.
Access (shown by blue to yellow shading) is limited to a 10-kilometer diameter around each facility, with the intensity of access diminishing as one moves farther away, representing the distance decay effect.
Overlapping KDE surface areas from facilities 1 and 2 show a higher intensity of service access for the combined service environment typical in an urban area. Next, we superimposed the 2010 survey clusters over the KDE surface, drawing buffers around each cluster as recommended when linking clusters to surface data. 30 We used five-kilometer buffers around urban clusters and 10-kilometer buffers around rural clusters to minimize misclassification error created by cluster displacement (Appendix Figure   1b) . 25, 30 We generated an average KDE value by summing the values from all pixels within the buffered area around each cluster and dividing by the number of total pixels. The average KDE values for all clusters was divided into quintiles, creating a relative access variable ranging from the least access (1) to the most access (5). * Finally, we assigned the quintile value for each cluster to all women residing in that cluster.
We next assessed the reliability of injectable supplies for each facility. We assigned a score of 1 for a given month to facilities that had a supply of injectables available during that month. We assigned a facility a monthly score of 0.5-indicating the likely availability of the injectable-if it lacked data on its closing monthly balance, but had been dispensing stock for the month in question, the previous month and the subsequent month. A score of 0 was assigned to facilities that did not meet the foregoing criteria for any given month. We then summed the monthly scores to create a 2010 annual supply reliability score for each facility. These scores ranged from 0 to 12, with a mean of 6.25 and a median of 6.
* Changes in the value of a continuous KDE variable are not readily interpretable. By creating quintiles, we considered relative access from one cluster to others. This approach is similar to that used for the Demographic and Health Survey wealth index, in which wealth quintiles are frequently used because the value itself is uninformative.
To operationalize access as defined by distance and supply reliability, we repeated the KDE process using the annual supply reliability score as the density variable. We then repeated all other steps, including buffering and creating a relative quintile score with the distance-and-supply-access KDE.
Analysis
Our analysis is restricted to injectable contraceptives for three reasons. First, the injectable was the most widely used method among users of modern contraceptives. 31 Second, use of the method in 2010 required quarterly visits to a health facility, making routine access an important consideration when choosing a method. Last, the link between the distribution of injectable contraceptives and actual use is assumed to be stronger than for other methods. Whereas oral contraceptives and condoms, once they are distributed, may or may not ultimately be used by the client, injectables are generally distributed by a trained health provider and "used" the moment they are distributed.
We generated descriptive statistics of the weighted study population and maps representing the two definitions of access. All spatial linking and geographic analyses were completed in ArcGIS version 10.1.
After spatially linking the sample of women to the mapped health facilities and assigning values for the two access measures on the basis of cluster location, we used the access measures in four regression models. We ran bivariate and multivariate linear probability models for each of the two outcome variables, use of injectables and demand for birth spacing or limiting. Control variables included reported exposure to media family planning messages, reported home visit in the past year from a health worker advocating family planning, desire for more children, parity, age, marital status, education, wealth, religion, rural residence and region of residence. We used weighted 2010 survey data and produced robust standard errors for all regression models using Stata SE version 12.
For each outcome variable, multivariate models were built to examine the effect of access defined by distance only and by distance and supply. We ran each model for all women of reproductive age, and stratified by rural or urban residence. In addition, we ran each model for married women only, because they frequently have different contraceptive intentions and patterns of use than unmarried women.
RESULTS
The 2010 Demographic and Health Survey sample used in this analysis included 22,480 women aged 15-women reported current use of the injectable, 70% wanted to space or limit their births, and almost all (96%) lived within 10 kilometers of an injectable service delivery site (Table 1) . Sixty percent of respondents reported media exposure to family planning messages, although only 14% had received a home visit from a family planning worker in the previous year. About a third of women wanted to wait two or more years before having another child, and four in 10 wanted no more children. Sixty-eight percent were currently married, and 85% had some schooling. Compared with rural women, urban women tended to live closer to an injectable delivery site, have fewer children, be better educated and be in a higher wealth quintile.
We mapped the potential geographic catchment area for facilities by distance only (Appendix Figure   2a ) and by distance plus supply reliability (Appendix Figure 2b) . The distance-only map presents the ideal scenario if all facilities had a reliable monthly supply of injectables. The distance-and-supply map presents a picture of service access once supply reliability is taken into account. A comparison of the two maps shows areas with potential gaps in service access, such as the Central Region, where the injectable supply was less reliable.
In both multivariate regression models, access to injectable service delivery sites was a positive predictor of injectable use in the total sample of women ( Table 2 ). The probability of using injectables, when considering distance only, was 5.6 and 5.7 percentage points higher, respectively, among women with more access and the most access to delivery sites than among those with the least access, when controlling for all other variables. Similarly, when considering access based on distance and supply reliability, the probability of using injectables was 3.3-5.2 percentage points higher among women with average, more and the most access to services than among those with the least access. Other predictors in the full models demonstrated expected results, with desire for more children, higher parity, increasing age and being married all associated with a woman's choice to use the injectable (not shown). In analyses that stratified the population by rural and urban residence, we found that the relationship between access and injectable use strengthened for women in rural communities, while it disappeared for urban women. In contrast, the association between distance-and-supply access and demand for spacing or limiting births among urban women was substantial, but this relationship disappeared among rural women. Given these results, we focused on the full models for access and injectable use in rural areas, and for access and family planning demand in urban areas. The probability of injectable use among rural women with the best distance-and-supply access was 7.5 percentage points higher than among their counterparts with the least access (Table 3 ). Exposure to demand-generation activities, such as media messaging and home visits from a family planning worker in the past year, had mixed results: Home visits were associated with slightly greater use (by 3.2 percentage points), while media exposure to family planning messages was not. Women's desire for spacing or limiting births, as well as increasing parity, were positively associated with injectable use.
Other significant variables included age, marital status, education, wealth and region.
The probability of having a demand for birth spacing or limiting among urban women with the most distance-and-supply access was 18.3 percentage points higher than among those with the least access ( Table 4 ). The association between access and demand was not evident when access was defined by distance only. Whether access was defined by distance or by distance and supply, women who reported a family planning home visit were more likely than others to want to space or limit births (by 7.4 and 6.8 percentage points, respectively). Other significant predictors of demand included parity, age, education and region. Marital status and wealth were not associated with spacing or limiting demand among urban women. When we restricted the regression to married women, we found similar results (not shown).
DISCUSSION
The dynamics between access and injectable use and between access and desire for spacing or limiting births are different in urban and rural environments. In our models, access to injectable services in the local environment was associated with a higher probability of rural residents using the method, confirming the important role that service availability plays in contraceptive use in developing countries. 7, 8, 19, 35 However, measuring access by distance and reliability of injectable supplies did not improve on the distance-only access model for the rural population, which suggests that in rural environments, inconvenient distance is more salient in limiting use than lack of reliable supplies. The predictive effect size of distance-only access among rural women was comparable to the effect size seen with improving education, increasing wealth or receiving a family planning home visit. These results suggest that programs designed to improve rural women's proximity to family planning services, including expanding the use of community-based distribution agents, the number of service locations and the provision of services through the private sector, are practical methods of improving family planning use from a health system perspective.
No association was found between either access measure and injectable use among urban women in any of the access quintiles. This may be attributable to the existence of more homogeneity across access categories in the urban service environment. The assignment to quintiles for the access variables was performed with the total sample of clusters to create the two access variables for the entire country. When we focused on urban women, we found that the vast majority had average or better access (the top three quintiles), and all lived within 10 kilometers of an injectable service delivery site. In an urban environment where proximity is less of a barrier, other factors play a larger role in predicting use. These findings reinforce recommendations to look deeper into rural versus urban differences to better understand population and health outcomes. 36 Our findings relating access to demand for birth spacing or limiting tell a different story. Among rural women, access to injectable services had no measurable relationship with spacing or limiting births. This was not an entirely surprising outcome; availability of contraceptives may not be adequate to generate demand. Rather, programs to increase demand for limiting family size or spacing births through education and outreach remain a necessary complement to efforts to increase access to contraceptives in rural communities.
A more surprising finding was the strong association between access and desire for birth spacing or limiting in the urban environment. However, this relationship was found only for the distance-andsupply access variable. The effect size for women with the greatest distance-and-supply access was larger than that attributed to increased education or reception of family planning home visits. Because our analysis used Demographic and Health Survey data with only one time point, we were unable to tease out the direction of this relationship. For example, we cannot determine whether better access to a reliable injectable supply influenced urban women's desire for birth spacing or limiting, or whether facilities in communities with higher demand for family planning prioritized having a reliable supply to better serve their clients. One explanation is that a reliable supply at an urban facility may increase the demand for spacing or limiting births, possibly by influencing neighborhood norms in urban communities. Alternatively, communities with perceived high demand for family planning may have been prioritized for supply chain improvements; hence, a reliable supply is already available to meet demand. Understanding the motivations of and deterrents to family planning use in urban environments remains a challenge given the usual data relied on for analyses.
Our use of kernel density estimation and focus on contraceptive supply logistics also reveal substantial gaps in supply reliability and illustrate the ideal scenario if supply were constant. These maps suggest potential geographic priority areas for supply chain improvements in Malawi, such as the Central Region, which suffered from unreliable supply.
As noted earlier, when assessing supply reliability, incomplete facility reporting required certain assumptions (based on field experience) that may have led to some over-or underestimation. Moreover, our analysis excluded private sites and dropped public sites with missing geographic coordinates; these omissions have two potential consequences. The exclusion of private facilities may have resulted in omitted variable bias, which may have biased our results for the urban analyses; however, because most injectable users rely on public-sector supplies, the threat to our estimates is believed to be low. Analysis of the 60 excluded public facilities found comparable routine stockout rates across both included and excluded facilities, as well as an equivalent distribution of dropped facilities across districts. We cannot assume that facilities were missing at random, however, because the health centers excluded because of missing geographical coordinates were more likely to have smaller injectable supplies, and this may introduce limited bias into our estimates.
We should also note how well the measurements of access were operationalized. In the absence of survey data on the specific facilities used, it would be unwise to link women with the closest facilities, and linking with large administrative units may distort or mask potential relationships. 7, 8, 25, 30, 35, 37 Because we used a census of facilities providing injectables to create a service environment using KDE with distance decay properties, and then averaged KDE values for a buffered area around each survey cluster, we were able to link women to all the injectable facilities in their service environment, thereby minimizing misclassification error. 25, 30 In generating the local service environments, the KDE method distributes facility reach such that a facility has less influence on an individual's behavior the farther the individual lives from the site. Moreover, KDE allows the researcher to include other facility characteristics-in our case, supply reliability-that are deemed influential in an individual's decision to visit a facility.
Finally, our study matched, in time and location, routinely collected contraceptive supply data from a census of facilities with population-based household survey data on injectable use and desire for birth spacing or limiting. Previous studies have used a more nuanced service quality score based on a variety of measures of facility, provider and service availability, 7, 8, 38 but relied on measurement at a single point in time. An exploration of methods to combine the richness of facility survey data with the timeliness of supply logistics data may eliminate the trade-off between breadth and depth, providing a fruitful avenue for further study.
CONCLUSIONS
Kernel density estimation enabled us to create a refined definition of access to a family planning service environment that incorporates measures of service availability, proximity and contraceptive supply reliability. This allowed us to probabilistically link a woman's injectable use and desire for spacing or limiting births with her available local services. Future research could apply this methodology to other family planning commodities provided by the health care sector.
Our findings add to the growing body of evidence illustrating the importance of a robust contraceptive supply chain and product availability in the local service environment and their relationships with use of and demand for modern contraceptives. We found that among rural women, reported use of injectables was strongly associated with access to services, defined both by distance alone and by distance and supply reliability. In urban settings, demand for birth limiting or spacing was positively associated with distance-and-supply access, while distance alone was not correlated with use or demand. These findings reinforce the need to address rural and urban population and service environment differences to improve health outcomes. Moreover, given the rise in private-sector family planning providers and communitybased distribution alternatives, exploring their differential effects on urban and rural environments in future analyses may provide useful knowledge about the factors influencing family planning uptake. As the global community continues working to reduce maternal mortality and strengthen reproductive health services, further research is needed to capture and clarify the causal pathways between contraceptive access and use. 
